A facile and fast approach for the synthesis of a nanostructured nickel hydroxide (Ni(OH) 2 ) via sonochemical technique is reported in the present study. The X-ray diffraction results confirmed that the synthesized Ni(OH) 2 was oriented in β-phase of hexagonal brucite structure. The nanostructured Ni(OH) 2 electrode exhibited the maximum specific capacitance of 1256 F/g at a current density of 200 mA/g in 1 M KOH (aq) . Ni(OH) 2 electrodes exhibited the pseudocapacitive behavior due to the presence of redox reaction. It also exhibited long-term cyclic stability of 85% after 2000 cycles, suggesting that the nanostructured Ni(OH) 2 electrode will play a promising role for high performance supercapacitor application.
Introduction
Supercapacitors have attracted great attention as energy storage devices because of their high power density, fast charging time and long lifespan. It can be classified into two types such as electrical double layer capacitor (EDLC) and pesudocapacitor. In EDLC, the electrical charge is stored at the electrode-electrolyte interfaces but in pesudocapacitor, the charge is stored from reversible faradaic reactions occurred at the electrode-electrolyte interfaces [1] [2] [3] [4] . The electrochemical performances of the device are mainly depending on physicochemical properties of the electro-active materials. Carbon based materials such as activated carbon, graphite, graphene, carbon nanotubes and etc., have been used in EDLC. On the other hand, transition metal oxides/hydroxides and conducting polymers are significantly employed for pesudocapacitor, which are having high energy density than that of EDLC. There are several metal oxides have been used as an electrode materials such as RuO 2 , NiO, CuO, MnO 2 . TiO 2 , MoO 3 , etc. The metal oxides have wide band gaps (semiconductors or even insulator nature), which leads to exhibit high specific capacitance but poor electrical conductivity, resulting to limit the power density. Conducting polymers have flexible properties and low-cost. However, they have relatively low specific capacitance (< 100 F/g) and poor cyclic stability due to their chemical instability in the electrolytes [5] [6] [7] . These disadvantages can be overcome by introducing alternative inexpensive electrode material of nickel hydroxide (Ni(OH) 2 ) due to low cost, well-defined electrochemical redox nature, and easy to prepare with different structural morphologies.
Nickel hydroxide possess a hexagonal layered morphology with two polymorphs such as α-Ni(OH) 2 and β-Ni(OH) 2 . Upon oxidation, α-Ni(OH) 2 is converted into γ-NiOOH at a lower potential than that of oxidation potential range for conversion of β-Ni(OH) 2 into β-NiOOH [8, 9] . However, it is very hard to synthesis of α-Ni(OH) 2 and also unstable during preparation or on storage/testing period in strong alkaline medium, which is quickly transform into β-Ni(OH) 2 [10] . Until now, there are different sizes and shapes of nanostructured materials received tremendous attention in electrochemical applications due to the influence of physicochemical properties. For example, Li et al. reported that nanosheet morphology of Ni(OH) 2 revealed specific capacitance of 953.67 at 0.2 A/g in presence of 6 M KOH electrolyte [11] . Wang et al. reported fish-like morphology showed the specific capacitance of 1000 F/g at 0.01 A/g [12] . Yang et al. reported that the electrodeposited Ni(OH) 2 on Ni foam showed 3D nanostructure with porous morphology with the specific capacitance of 3152 F/g at 4 A/g. The electrochemical performances of Ni(OH) 2 are significantly varied with respect to the morphology, which is compared with other energy storage materials as provided in Table 1 .
Various methods have been reported to synthesize the nickel hydroxide with different structural morphologies and shapes, such as [26] , and this method is simple and only needs solution container and substrate for the sample deposition. Nonetheless, it produces wastage of solution after every sample deposition. Meyer et al. synthesized nanometric platelet-like Ni(OH) 2 particles through the polycondensation followed by citrate species coating without the aid of any surfactant or polymer [30] . Even though the method does not require high temperature during the sample synthesis, the procedure was complex to carry out. Qi et al. reported a template method to fabricate β-Ni(OH) 2 microspheres with plicate surface [31] . This method is very easy for rapid development of nanomaterials with desired shapes and sizes. However, the elimination of the template may lead to disturb the part of the nanostructures. Liang et al. demonstrated on low-cost production of β-Ni-(OH) 2 nanosheets synthesized using hydrothermal method [32] . However, the method relies upon high temperature along with extended processing durations. Apart from these, there is another method to synthesis nanostructured materials without using any surfactant and complex process, i.e., called as sonochemical method. The basic principles of sonochemistry mainly depend on the acoustic cavitation phenomenon such as the nucleation, growth and smaller size bubbles collapse aggressively in presence of liquid medium. Furthermore, rapidly high temperature (> 5000°C), excess pressure (> 500 atm) and very high cooling rate (10 10 K/s) arises throughout the sonication process, which are significantly influence on structural morphology, sizes of synthesizing materials [14, 33] . Here, we report the synthesis of nanostructured nickel hydroxide by facile and fast growing technique of sonochemical method and followed by calcination process. The non-aggregated nickel hydroxide is playing a major role in the selection of electrode material for energy storage application, which is clearly investigated via structural crystallinity, surface morphology and electrochemical measurements.
Materials and methods

Materials
Nickel chloride hexahydrate (NiCl 2 ·6H 2 O), sodium hydroxide (NaOH) were received from Sigma-Aldrich. All chemicals used throughout the experiments were of analytical grade. The sonication process (fisher scientific, model 120 sonic dismembrator, titanium horn used as a sonication probe) was used to synthesis nanostructured nickel hydroxides.
Synthesis of nanostructured nickel hydroxide
For the preparation of nanostructured nickel hydroxide, 1 M of NiCl 2 ·6H 2 O was completely dissolved in 50 ml of deionized water under constant stirring for 10 min. As-prepared NaOH (2 M) was added drop wise into the above solution under sonication process using an ultrasonic probe. This reaction was continuing for 1 h without any coolant, leading to attain the reaction temperature about 60 ± 5°C [14] . This temperature was further enhancing the chemical reaction during sonication process. The entire sonication process was carried out with 75% of amplitude. The obtained product was washed several times with deionized water and collected through centrifugation. Finally, the synthesized sample was dried at 80°C for 24 h in an electric furnace. Similarly, the experiment was repeated under same condition with calcination at 150°C for 3 h. Additionally, the controlled experiment was carried out using wet-chemical method for comparison with sonochemically synthesized materials. The detailed wet-chemical process was given in supporting document (Section 1). Therefore, the synthesized nickel hydroxide samples are represented as S1 (as-prepared by sonication), S2 (sonicated and followed by calcination at 150°C) and W (as-prepared by wet-chemical method). The schematic representation of the whole experiments is represented in Fig. 1 .
Fabrication of working electrodes
The electrochemical properties of synthesized materials were examined by cyclic voltammetry (CV), electrochemical impedance (EIS) and galvanostatic charge-discharge (GDC) using electrochemical workstation (Gamry, Interface1000 (Warminster, PA, USA). The electrochemical behaviors were examined in three electrode cell. Herein, nickel hydroxide coated Ni-foam, Ag/AgCl and platinum (Pt) are denoted as a working, reference and counter electrodes respectively. The entire experiment was executed in 1 M KOH as an aqueous electrolyte at room atmospheric condition. The working electrode was prepared via mixing 75 wt% of Ni(OH) 2 (S1) with 15 wt% of acetylene black and 10 wt% polyvinylidene difluoride (PVdF) in 1-methyl-2-pyrrolidinone (NMP) as the solvent under sonication to attain a homogeneous slurry. An aliquot (5 µL) of slurry was used to coat on cleaned nickel (Ni) foam (coating area: 1×1 cm 2 ). This process was repeated to fabricate other two electrodes using synthesized materials of S2 and W. The mass loading of active material on nickel foam was4 .6 mg.
Characterization techniques
The structural crystallinity was examined through X-ray diffractometer (Philips, X′ pert) using a Cu Kα radiation source of wavelength λ = 1.5406 Å, which was measured in the range of 2θ = 20-70°with a step of 0.02°. The Fourier transform infrared spectrum was recorded with Thermo Scientific Nicolet iS10 spectrophotometer. The surface morphology of nanostructured nickel hydroxide samples were investigated by field emission scanning electron microscopy (FE-SEM) (JSM-7600F; operated at 5-20 kV).
Results and discussion
Structural analysis
The structural crystallinity of synthesized nickel hydroxides were examined by XRD analysis. Fig. 2a illustrates the XRD patterns of W, S1 and S2. All the diffraction peaks of (001), (100), (101), (102) and (110) are well indexed as a hexagonal structure of β-Ni(OH) 2 (JCPDS 14-0117) with a space group of p-3m1(164). The hexagonal structure of β-Ni(OH) 2 illustrated lamellar structure, where NiO 6 octahedra were detached through hydrogen atoms [34] . The lowest grain size was observed in S1 sample, which is confirmed by peak broadening in XRD pattern (Fig. 2a) . No other characteristic peaks were observed, suggesting the purity of β-Ni(OH) 2 samples. The FT-IR spectra of synthesized nanostructured Ni(OH) 2 samples are shown in Fig. 2b . The O-H stretching mode is absorbed at 3610 and 3412 cm −1 , which is due to the presence of free O-H group in β-Ni(OH) 2 structure [26] . The absorption peak at 531 cm −1 corresponds to Ni-OH stretching vibration for Ni(OH) 2 sample [26] . The absorption of broad band at 1640-1400 cm −1 corresponds to bending vibration of water molecules, which may occur from atmospheric moisture. Further, the presence of hydroxyl group confirmed the formation of Ni(OH) 2 . The FT-IR study is in good agreement with the XRD results. 
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The surface morphologies of synthesized samples were clearly examined by FE-SEM analysis. Fig. 3 shows the surface morphology of Ni(OH) 2 samples (S1, S2 and W). Fig. 3a illustrates the uniform distribution of nanostructured Ni(OH) 2 (S1) with free of particle aggregation, which is due to the effect of sonication lead to avoid the nanosized particle aggregation. Inset in Fig. 3a (high magnification image) shows the hexagonal shaped Ni(OH) 2 (S1) thin flaks with fewer aggregations. However, Fig. 3c reveals the large particle aggregation (indicated by the circle) in sample W because of non-sonication, suggesting poor electrochemical performance. S2 sample may also demonstrate a few aggregations due to the effect of calcination process (leading to coagulate the smaller particles with rougher surface) (Fig. 3b) . Therefore, the surface morphology confirms that the sample S1 will have superior electrochemical performance than that of S2 and W.
Electrochemical performance
The capacitive performance of synthesized Ni(OH) 2 electrodes were examined via various electrochemical studies, including CV, EIS and galvanostatic charge-discharge techniques. Fig. 4(a-c) shows the CV curves of S1, S2 and W electrodes at different scan rates in 1 M KOH electrolytes. It was observed that all CV curves revealed one pair of redox peaks, suggesting the pseudocapactive behavior of Ni(OH) 2 electrodes. Here, the anodic peak was observed due to the oxidation of Ni(OH) 2 into NiOOH and the cathodic peak was attained for the reverse process. The well-defined surface faradic reaction will proceed according to the following reaction [28] .
Ni(OH) 2 + OH¯↔ NiOOH + H 2 O + e¯(1)
The S1 electrode revealed a higher integrated area than that of other two electrodes (S2 and W), which is further confirmed the excellent electrochemical performance of S1 sample. The specific capacitances (C sp ) of electrodes are calculated by the following equation [15] .
Where, C s is the specific capacitance of prepared electrode (F/g), v is the scan rate (V/s), m is the mass of active material (Ni(OH) 2 ) (g), ΔV is the applied potential window, and the integral term is equal to the area under the CV curve. Herein, the calculated C sp of electrodes at a scan rate of 3 mV/s represented as 1256, 975 and 494 F/g corresponds to S1, S2 and W respectively. The maximum specific capacitance was observed in S1 due to the sonication lead to attain smaller particle size with non-aggregated morphology, resulting to enhance the electrochemical performance. Moreover, S2 sample also give comparatively good specific capacitance but less than S1 due to the larger particle size with fewer aggregation. In the case of W, the sample revealed the low specific capacitance because of particle aggregations (Fig. 3c) , which lead to limit the ions movements in electrode/electrolyte interfaces [35] . Fig. 4d represented that the C sp decreased with increasing scan rates in all electrodes. At low scan rate, the hydroxyl (OH¯) ions had enough time to diffuse into the working electrode. But at high scan rate, the diffusion of ions had less time to intercalate into the respective electrode, suggesting the higher specific capacitance values at lower scan rate than that of high scan rate. Moreover, the anodic and cathodic peaks shifted towards the positive and negative regions, which are good agreement with the previous work reported in literatures [28] . The maximum C sp of 1270 F/g was observed for S1 due to good charge movements and large specific surface area [28] . Further investigation on galvanostatic charge-discharge analysis for Ni(OH) 2 electrodes was carried out to evaluate the specific capacitance and electrode stability. The galvanostatic discharges curve of electrodes are demonstrated in presence of 1 M KOH electrolyte at different current densities (2005 00 mA/g). All electrodes revealed that the discharge time decreased with increasing the current density, as shown in Fig. 5(a-c) . The semisymmetric discharge curves confirmed the typical pseudocapacitive behavior of Ni(OH) 2 electrodes, which is due to the redox reaction at the electrode/electrolyte interface [26] . These results are in good agreement with the CV curves. Moreover, S1 exhibited the longer discharge time than that of other samples due to closely packed arrangements of smaller particles with less particles aggregation.
The specific capacitance of Ni(OH) 2 electrodes were calculated from the galvanostatic discharge curves using the following equation [6] .
where, C s is the specific capacitance of the active electrode (F/g), I is the current (A), m is the mass of the NiO as the active material (g), ΔV is the potential window, and Δt is the discharge time (s). The obtained specific capacitance values of S1, S2 and W corresponds to 1256, 772.5 and 488.4 F/g at current density of 200 mA/g. The maximum specific capacitance of 1256 F/g was observed in S1 electrode due to the efficient charge transport between the electrolyte and electrode surface. The specific capacitance values decreases with increase in current densities as shown in Fig. 5d . This is due to the following reasons; (i) at low current density, the OH¯ions have adequate time to penetrate into the surface of Ni(OH) 2 electrode. However, at high current density, the ions have less time to penetrate, which lead to reduce the specific capacitance, (ii) while increasing the current density, the large voltage (IR) drop is observed, which also lead to decrease the specific capacitance (as shown in Fig. S1 ) [26] . The performance comparison of Ni(OH) 2 with previously reported works in literatures are given in Table 2 . Fig. S2 illustrates the interactions of OH¯ions on the electrode surface during charging and discharging process. The electrochemical utilization of the active electrode is calculated from the Eq. (4).
Where, C is the value of specific capacitance (F/g) at 200 mA/g, ΔV is the potential window, M is the molecular weight of nickel hydroxide (92.708 g), and F is the faradaic constant. Here, z value is equal to one mean that the entire electroactive materials contributed in the redox process. But, in this work, the calculated z values are found to be 0.415, 0.254 and 0.159 correspond to S1, S2 and W, respectively. These values confirmed that 41.5% of active sites are involved for redox process in Ni(OH) 2 at S1 sample. This is comparatively higher than that of S2 (25.4%), W (15.9%) samples and nanostructured NiO (14-15%) as reported in the literatures [36, 38] . The cyclic stability test of Ni(OH) 2 electrodes is an important parameter for their practical application. The cycle stability of nanostructured Ni(OH) 2 electrodes were employed in charge-discharge analysis at current density of 6 A/g for 2000 cycles. Fig. 6 illustrates the capacitance retention vs. number of cycles. Initially, the cyclic stability increased up to 200 cycles due to gradual activation of Ni(OH) 2 and also enhanced the penetration of the electrolyte ions into the active material [23, 39] . Whereas, electrode stability slightly decreased after 200 cycles and remains stable for 2000 cycles. The larger cyclic stabilities were achieved in S1 and S2 samples than W due to the influence of sonication process [14] . Moreover, S1 exhibited optimal cyclic stability (85%) with maximum specific capacitance (1256 F/g) than that of other two samples, which may be due to smaller particles sizes with fewer aggregations, suggesting effective ion transfer from electrolytes to the electrode surface. EIS measurement was used to investigate the fundamental performance of the active electrode materials for energy application. EIS measurement was conducted in the frequency range of 0.01-100 kHz using an open circuit potential. Generally, the frequency range is divided into two parts, such as, high-frequency and low frequency regions correspond to the semicircle arc and vertical line respectively. The transition between the two regions is named as knee frequency. Typical Nyquist plots of the S1, S2 and W electrodes are represented in Fig. 7 . The semicircular arc at high frequency range corresponds to the charge transfer resistance (R ct ) at the contact interface between electrolyte and electrode. The straight line slop in the low frequency region denotes the diffusion resistance (Warburg impedance, W) of the electrolyte ions into the pore structure of electrode surface. The vertical line in the low-frequency range represents rapid ion diffusion in the electrolyte solution and adsorption onto the electrode surface [37, 40] . The lower R ct value (1.30 Ω) was observed in S1 electrode, resulting in improving the charge transfer performance of S1 than the other electrodes. This is due to the smaller particle size with effective electroactive surface area (good electrochemical utilization) of the electrode [14] . Therefore, the above results confirmed that the nanostructured Ni(OH) 2 with smaller particle size will play a significant role in supercapacitor application.
Conclusion
The nanostructured Ni(OH) 2 has been synthesized using sonochemical method, and there structural crystallinity and surface purity clearly investigated via XRD and FT-IR analysis. The uniform distribution of nanostructured Ni(OH) 2 with non-aggregated morphology is achieved by ultrasonic waves. The sonicated Ni(OH) 2 (S1) exhibites maximum specific capacitance of 1256 F/g at a current density of 200 mA/g with longer cyclic stability (85% for 2000 cycles) than that of other samples (S2 and W). The impedance measurement discloses the low charge-transfer resistance of 1.30 Ω in S1 sample. Therefore, these results confirm that the non-aggregated surface morphology of Ni(OH) 2 plays a vital role in electrochemical performance for energy storage application. 
